The gas vesicles of the cyanobacteria Anabaena 30s-aquae and Microcystis sp. contain, in addition to the principal M , 7400 gas vesicle protein GVPa, a second, M, 22000 protein component, GVPc. We show here that GVPc can be removed from the gas vesicles, without their collapsing, by rinsing in solutions of sodium dodecyl sulphate. It is concluded that GVPc is located on the outer surface of the hollow shell formed by GVPa. Removing GVPc causes a marked decrease in the critical collapse pressure of the gas vesicles. It is suggested that the protein provides structural support and reduces pressures generated by surface tension. By measurement of the 5S-labelling of Anabaena gas vesicles we demonstrate that GVPc, which contains two methionine residues per molecule, accounts for 9% of the total gas vesicle protein, confirming the value suggested by amino acid analysis. 32P-labelling indicates that the phosphate content of gas vesicle protein is negligible.
INTRODUCTION
The main component of the gas vesicles of the cyanobacterium Anabaenajos-aquae is a small hydrophobic protein. The complete amino acid sequence of this protein (Hayes et al., 1986) showed it to have 70 amino acid residues, and a relative molecular mass (M,) of 7397. Very similar proteins have been isolated and partially sequenced from seven other prokaryotes (Walker et al., 1984; Hayes et al., 1986) . From one of these, Calothrix sp., the two structural genes gvpA and B for this protein were isolated by using synthetic oligonucleotide probes complementary to part of the amino acid sequence of the protein (Tandeau de Marsac et al., 1985 ; Damerval et al., 1987) . Downstream from these genes was found another gene, gvpC, that was cotranscribed with gvpA and B. We have recently isolated and sequenced the gvpC gene from AnabaenaJlos-aquae and have demonstrated that its protein product, GVPc, is a structural component of the gas vesicle (Hayes et al., 1988) .
The amino acid sequence of the Anabaena GVPc indicates a very different protein from GVPa. The GVPc molecule is nearly three times larger ( M , 21985) and it contains a high proportion of hydrophilic residues. There are three amino acids present (phenylalanine, histidine and methionine) that do not occur in GVPa, while the smaller protein has two (proline and tryptophan) that are absent from GVPc. From the abundance in entire gas vesicles of amino acids that occur exclusively in one protein or the other it has been possible to determine the ratios in which the two occur. The relative abundances of proline and phenylalanine indicate that GVPc represents only 8.2% of the total mass, and only 2.9% of the total number of protein molecules present in the structure. On the basis of these ratios it was concluded that there was insufficient GVPc to form the conical end caps of the structure, which previous authors (Konopka et al., 1975) have suggested might be made from a different protein from that which forms the cylindrical parts of the gas vesicle. It was suggested, rather, that GVPc might provide the hydrophilic surface of the gas vesicle and, because it contained five remarkably conserved 33-amino-acid repeats, that it might make a periodic interaction with GVPa, which forms a repeating structure along ribs that constitute the cylinder and cones (Hayes et al., 1988) .
We demonstrate here that GVPc can be removed from the intact gas vesicles of Anabaena without the structures collapsing, thereby proving that this protein is located at the outer surface. With GVPc removed, however, the gas vesicles are much weaker. Similar results are also described for gas vesicles from another cyanobacterium, Microcystis sp., which contain similar gas vesicle proteins of homologous sequence.
We also describe the labelling of methionine in GVPc by 35S, which has provided a sensitive, quantitive assay for this protein, both present on the gas vesicles and removed from them with detergent solutions. The labelling of gas vesicles by 35S has confirmed the ratio of GVPa and GVPc found by other methods.
METHODS
Organism and culture. The gas-vacuolate strain of the cyanobacterium Anabaena 30s-aquae (CCAP strain 1403/13f) was grown in the medium B-N (Armstrong et al., 1983) . Microcystis sp. strain BC 84/1 was grown in half-strength medium BGll of Rippka et al. (1979) .
35S-labelling.
A.$os-aquae was labelled with 35S by growing it in 1 litre of medium enriched with 40-15 MBq 35S-labelled Na2S04 (final sulphur concentration = 4-87 mg 1-l) for 43 d. Cyanobacterium biomass is estimated to have increased by more than 100-fold during this period, and it is therefore concluded that the labelled sulphur would have been uniformly distributed in the cells. mol K2HP04 1-l, the relative gas vesicle content (AT/T,) was measured by the method described below, and filament length concentration (m ml-l) was measured by the method of Olson (1950) . Labelled 32P-phosphate was then added, increasing the total phosphate by a negligible amount (7-7 x lo-" mol compared with the total of 3.27 x lod4 mol) and introducing 32P activity of 34.64 MBq. After a furher 8 d growth, relative gas vesicle content and filament length were remeasured and the culture was harvested. Gas vesicles were isolated and purified and the radioactivity present was determined by counting Cerenkov radiation with a Searle Isocap 300 liquid scintillation counter, 14 d after addition of 32P to the culture.
Gas vesicle isolation. The cyanobacteria were harvested with gas vesicles intact by allowing the cells or filaments to float up in static cultures. A.3os-aquae was lysed by the method of osmotic shrinkage in 0.7 M-sucrose (Walsby & Buckland, 1969) . Cells of Microcystis were lysed by incubation in lysozyme (Hayes et al., 1986) .
Intact gas vesicles were isolated by repeated centrifugally-accelerated flotation followed by filtration through 0.8 pm pore size Nucleopore membrane filters (Walsby, 1974) . The procedure of removing contaminating thylakoids by rinsing with dilute sodium dodecyl sulphate (SDS) used in some subsequent investigations (Walsby & Armstrong, 1979) was avoided for these studies.
Electrophoretic separation. Gas vesicle suspensions containing between 2 and 7 mg protein ml-l were mixed with equal quantities of a loading buffer containing 5% (w/v) SDS, 10% (w/v) glycerol, 5 m~-EDTA and 2 mM-Tris. Samples of 10 to 40 pl were applied to the wells of polyacrylamide gels (Laemmli, 1970) , after pressurizing to collapse the gas vesicles and so prevent them from floating out of the wells. Some samples were heated to 100 "C for 1 min immediately before loading; others were loaded without heating. Protein bands were stained with Coomassie blue.
Gas vesicle measurements. Critical pressure distributions of gas vesicles suspended in 5 ~M -K~H P O~ were made with a pressure nephelometer (Walsby, 1973) . Individual pressure steps were each sustained for 10 s. Estimates of intact gas vesicles were made by suspending 7 p1 samples of suspension in 4 m15 ~M-K,HPO, and measuring the turbidity before (T) and after (T,) collapse of the gas vesicles; the gas vesicle content was proportional to the pressure sensitive turbidity, AT (= T -T,). The concentration of gas vesicle suspensions was estimated for the 32P-labelling experiments by pressure-sensitive optical density (PSOD) measurements using 1 cm pathlength cuvettes and a wavelength of 500 nm. For Anabaena gas vesicles a PSOD of 20.8 indicates a gas vesicle protein concentration of 1 mg ml-' (Walsby & Armstrong, 1979) . The volume of gas space in gas vesicle suspensions was measured with a compression tube (Walsby, 1982) , modified with a thermostatted water jacket. From this the mass of gas vesicle protein present in the suspension was calculated for use in the 35S-labelling experiment, using the ratios determined for the Anabaena gas vesicles (7.67 mg protein per p1 gas) by Walsby & Armstrong (1979) , and for the narrower Microcystis gas vesicle (5.84 mg p1-I) by Walsby & Bleything (1988) .
Electron microscopy. Gas vesicles were suspended at a protein concentration of 0.5 mg ml-l in 30% (w/v) aqueous glycerol and samples were sprayed onto cleaved mica from a distance of 25 cm. The specimens were vacuum-dried, shadowed with platinum/carbon, and the carbon replicas cleaned in sodium hypochlorite solution (70%, w/v, in water).
Rinsing intact gas vesicles to remove GVPc. Suspensions of intact gas vesicles (see above) were mixed with equal volumes of the rinsing agent. Samples of 50 pl were put into 0.5 ml plastic Eppendorf tubes (forming a 6 mm layer) 32P-labelling. After growing A . 30s-aquae for 8 d in 1.5 litres of medium containing 2.18 x Protein from the outer gas vesicle surface 2649
and centrifuged at about 700 m s-* (70 g) for sufficient time to permit all of the gas vesicles to float to the surface. The time allowed was 100 min in solutions that did not cause gas vesicle aggregation, but in solutions containing 2.5% (w/v) SDS, which did cause aggregation, only 2 min was required. The clarified subnatant solution under floating gas vesicles was removed through a 0.5 mm diameter cannula, on a Terumo microsyringe, leaving the intact gas vesicles suspended in a volume of 5 p1. They were then resuspended in 5 m-K,HPO,, or the rinsing solution, for further analysis. & Walsby, 1983 ; Hayes et al., 1986 Hayes et al., ,1988 when gas vesicles of Anabaena Jlos-aquae 1403/13f and Microcystis sp. BC 84/1 were heated in a loading buffer containing 2.5% (w/v) SDS and then analysed by SDS-gel electrophoresis, a prominent band with a mobility indicating an M , of approximately 22000 was obtained. For Microcystis gas vesicle preparations, subsidiary bands with mobilities indicating an M, of 14000 and perhaps 7000 had also been recorded (Hayes et al., 1986) .
Measurement of radioactivity.

RESULTS
Electrophoresis of gas vesicle protein As previously reported (Walker
In our new preparations of Microcystis gas vesicles one major mobile band was observed ( Fig.   1 ) with only the faintest trace (no more than 1 % when compared to the main band as judged by staining intensity) of any bands of lower M,. Apart from the migrating protein in the samples, densely staining material remained on the floor of the well without penetrating the gel. A small amount of protein also penetrated the stacking gel but lodged at the junction with the running gel. We are investigating the possibility that this represents the GVPa in some polymerized or otherwise immobilized form. With Anabaena gas vesicle preparations a similar major mobile band was found but not fastermigrating proteins (Fig. 2a) . Again there was densely staining material in the well and at the junction of the stacking and running gels. This material, and the major mobile band, hybridized on a Western blot probed with polyclonal antibodies active against whole gas vesicles (Walker et al., 1984). We suspect that it represents GVPa and we are now investigating why it should be immobilized in this way. The rest of this paper deals only with the protein in the major mobile band which has been firmly identified as GVPc in both of the strains used here.
Solubility of G VPc in unheated SDS solutions
When Microcystis gas vesicles were mixed with the loading buffer, giving a final concentration of 2-5 % SDS, the gas vesicles remained intact ; the suspension remained turbid and instantaneously clarified when it was compressed. Phase-contrast light microscopy revealed that the gas vesicles aggregated in this SDS concentration. When 20 pl of an unheated sample was compressed and loaded on the gel a single band, GVPc, was separated. The recovery was identical in heated and unheated samples (compare lanes 2 and 3 in Fig. 1) .
A similar unheated sample, volume 80 p1, with gas vesicles left intact was centrifuged so that the gas vesicles floated up; 20 pl of the clear subnatant solution applied to the gel again gave identical results, with separation of the same amount of the principal mobile band (lane 4 in Fig.  1 ). This indicated that most of GVPc could be removed from the gas vesicles in unheated loading buffer without the intact gas vesicles collapsing.
The remainder of the clear subnatant was removed from underneath the floating gas vesicles. They were then resuspended in 80 p1 loading buffer, centrifuged, and the floating gas vesicles again recovered in 5 p1 above the 75 p1 of clear subnatant, which was discarded. This washing procedure was repeated. The floating gas vesicles were resuspended in 50p1 loading buffer, collapsed under pressure, and loaded into the wells of lanes 6 and 7 (Fig. 1) ; in lane 6 the amount of sample was equivalent to that in lane 2, and in lane 7 twice this amount was loaded. As seen in Fig. 1 , these lanes contained staining material in the wells and at the base of the stacking gel, but no trace of the GVPc band. This indicated that at least some of the gas vesicles could survive intact after complete removal of GVPc.
If the GVPc had been completely separated from the intact gas vesicles the proportion of this protein left in the liquid in which they were suspended would, after the three rinses, have been (5 p1/80 ~l )~, or only 0.024% of the starting concentration. This explains why no trace of GVPc could be detected in the rinsed gas vesicle preparations (Fig. 1 , lanes 5 and 6).
As noted above, the rinsed gas vesicles contained both the protein left in the well and decreased amounts of the protein at the stacking gel front. It is also noted that more of this protein is present just beneath the well in lane 4 (Fig. l) , the first SDS rinsing. This may come from a proportion of the gas vesicles that collapse at each rinsing. The rinsing procedure was repeated with further samples of the same suspension and, by measuring the pressure-sensitive turbidity (AT) of the various fractions, it was demonstrated that on washing with water 2% of the intact gas vesicles were removed in the subnatant; on washing with the 2.5% SDS solution, however, 22% of the gas vesicles collapsed and only 77% were recovered in the supernatant. After three SDS washes only 45% might remain.
Protein from the outer gas vesicle surface 265 1 Radiolabelling Anabaena G VPc with 35S Since, of the two known protein components of Anabaena gas vesicles, only GVPc contains any sulphur amino acids (Hayes et al., 1988) , labelling with 35S provided a means of measuring the GVPc content of gas vesicles and the proportion of GVPc that could be removed by SDSrinsing. It was first necessary to demonstrate, however, that the 35S-labelling was restricted to GVPc.
Autoradiography of gas vesicle proteins separated by electrophoresis. The gas vesicles purified from the culture of Anabaena grown in 35S-labelled sulphate were suspended in the unheated loading buffer, compressed, and analysed by gel electrophoresis. The autoradiograph of part of the dried gel showed that virtually all of the radioactivity was present in the GVPc band, with only traces associated with the well and stacking gel front (see Fig. 2b ). Scintillation counting of dried gel slices, taken from other lanes of the gel, loaded with similar gas vesicle samples, showed that 97% of the radioactivity in each lane was associated with the GVPc band (Hayes et al., 1988) .
35S-labelled GVPc content of gas vesicles. Samples (1Op1) of purified gas vesicles had an activity of 1497 & 64 c.p.m. on day 59, equivalent to 2383 c.p.m. on day 1. Since 4.87 mg sulphur gave 1.836 x lo9 c.p.m. on day 1, this indicated a sulphur content of 6.32 ng per 10 p1 sample. Compression tube measurements made on triplicate samples of the same suspension showed that the gas vesicle gas space was 186 6 nl per 10 pl of suspension. Walsby & Armstrong (1979) showed that 1 p1 of gas space was enclosed by 0.1304 mg of gas vesicle wall protein. It therefore follows that the concentration of protein in the sample was 24.3 pg per 10 1-11 sample and the mass ratio of gas vesicle protein to sulphur was 24.3 pg/6-32 ng = 3840.
The amino acid sequence of GVPc indicates two residues of methionine per molecule but no cysteine residues (Hayes et al., 1988) . Since each methionine contains one atom of sulphur, the mass ratio of GVPc to sulphur is 21 985/64 = 343.5. If all the sulphur of gas vesicles is present in GVPc it therefore follows that GVPc comprises 3433/3840 or 8.9% of the gas vesicle mass. This figure is close to the value, 8.2%, estimated from the phenylalanine content of gas vesicles (Hayes et al., 1988) . The close agreement supports the idea that most of the 35S label was present in GVPc.
Removal of 35S-labelled G VPc : electrophoresis. Suspensions of 35S-labelled gas vesicles were rinsed in different concentrations of the SDS-containing loading buffer to determine their efficacy in removing GVPc. As described above for Microcystis, exposure of Anabaena Jlosaquae gas vesicles to 2.5% SDS resulted in the complete removal of GVPc from the still-intact structures. Exposure of gas vesicles to 1 % SDS also resulted in the complete removal of GVPc, whereas exposure to 0.125% SDS removed none of the GVPc.
Removal of 35S-labelled G VPc : quantitative measurement. A similar experiment was performed in which the radioactivity present in each fraction was measured to determine its GVPc content, and the pressure-sensitive turbidity (AT) was measured to determine its content of intact gas vesicles. The volumes and constituents of the mixtures used, and the results obtained, are given in Table 1 .
After mixing the gas vesicle suspension with water and then centrifuging, 98.1 % of the intact gas vesicles and 94.8% of the radioactivity was recovered in the supernatant. If all of the radioactivity had been attached to the gas vesicles, the proportions of activity removed in the subnatant (5.2%) and intact gas vesicles in the subnatant (1.9%) should have been the same. The difference indicates that a small amount of radioactivity was free in the suspending solution. The amount can be calculated by solving the two simultaneous equations: Hence, of the initial activity (5 13.6 c.p.m.), that remaining attached to the intact gas vesicles (1.000 AT) was 494.4 c.p.m. and that free in solution was 19-2 c.p.m., or 3.7% of the total. There are, of course, sampling errors contained in these estimates (see Table 1 ). This suggests that some of the labelled GVPc may not be tightly bound.
After mixing the gas vesicle suspension with the 5 % SDS buffer and centrifuging, the total radioactivity recovered in the super-and subnatants of sample I1 (506.7c.p.m.) was not significantly different from sample I and this value was taken as 100% of the activity for subsequent calculations. The total pressure-sensitive turbidity (73.5 AT) was, however, significantly less than in sample I (85.6 AT) and this was taken to indicate that 14.1% of the intact gas vesicles were collapsed during the procedure. Much of the initial radioactivity was removed into the subnatant by the SDS-buffer. The amounts associated with the gas vesicles and in solution may be calculated as before: Hence, of the initial activity (506.7 c.p.m.), that remaining attached to the intact gas vesicles (1.000AT) was 31.6c.p.m., or 6.2% of the total, and that free in the SDS solution was 475.1 c.p.m., or 9343% of the total. This indicates that not quite all of the radioactivity was removed from the gas vesicles by the SDS-buffer.
In an attempt to remove more of the remaining activity a similar sample (sample 111) was subjected to two subsequent rinses with SDS buffer that should have left only (5 p1/50 ~1 )~ or 0.1 %of the original activity. Nevertheless, 8.7 % of the initial activity remained in the rinsed gas vesicle suspension. It appears, therefore, that there may be a residue of GVPc (or some other sulphur-containing protein) that remains attached.
How G VPc removal afects gas vesicle strength Gas vesicles of Microcystis. The critical pressure distribution of Microcystis gas vesicles, suspended in various concentrations of SDS-buffer, and after rinsing in such buffers, are shown in Fig. 3 . The median critical pressure &) of the purified gas vesicles was 0.79 MPa (7.9 bar) when suspended in 5 ~M -K~H P O~ (added to keep the pH at about 8.0, within the range giving maximum stability of gas vesicles: Buckland & Walsby, 1972). After suspending the gas vesicles in 2.5 % SDS-buffer for about 1 min, jj, fell to only 0.23 MPa. This measurement was made after diluting 20 yl of the mixture in 4 m15 mM-K,HPO, so that SDS was present at a concentration of 0.0125% (w/v). If gas vesicles were suspended in this concentration directly, without prior exposure to the higher concentration, jjc fell only slightly, to 0.73 MPa. If, after first suspending in 2.5% SDS, most of the solution was removed by a centrifugation step, then the jj, fell to 0.25 MPa. Thus, not only are gas vesicles weakened in the presence of SDS, but exposure to concentrations of it that are known to dissolve off most of their GVPc causes a substantial weakening that cannot be reversed by subsequently removing the SDS. The effects of intermediate concentrations are shown in Fig. 3(a, b) .
We have started to look for other factors that might destabilize gas vesicles by removing GVPc. Incubation with 7 M-urea causes only a slight weakening, withPC = 0.69 MPa. Heating in this solution to 100 "C causes some further reduction, to 0.50 MPa, but a similar reduction is obtained after heating in water.
Gas vesicles of Anabaena. The sample of AnabaenaJEos-aquae gas vesicles had ajjc of 0.48 MPa when first isolated (compared to the usual value of 0.60 MPa for gas vesicles in the cells of this species); after storing at 5 "C for 20 d, jj, had dropped to 0.23 MPa. Exposure to 2.5% SDS further reducedp, to only 0.08 MPa. It is clear that conditions causing GVPc removal also have the same marked effect on strength of gas vesicles of this species.
The very low phosphate content of gas vesicles Measurement of pressure-sensitive optical density indicated that the isolated and purified gas vesicles from the 32P-labelled Anabaena contained 0.616 mg gas vesicle protein. According to the GVPa/GVPc ratio in these gas vesicles (Hayes et al., 1988) this mass represents the combination of 0.565 mg (or 76.4 nmol) GVPa, and 0.051 mg (or 2.30 nmol) GVPc. After applying corrections for background radiation and counting efficiency, the activity of this quantity of protein was found to be 7.86 Bq, on isotope day 14, equivalent to 15.49 Bq on day 0. From this, and the specific activity of 32P on day 0, the phosphorus content was calculated to be 1.462 x 10-lo mol P, assuming that the phosphate in the gas vesicles had become uniformly labelled. On this basis the molar ratio of phosphate to GVPa was only 1 :523.
It is possible, however, that phosphate was covalently linked to the gas vesicle protein, so that only the gas vesicles formed after addition of 32P became labelled. It is estimated from the ratio of ATIT, that the relative gas vesicle content of the culture increased by a factor of 1.036, and that the filament length concentration increased by a factor of 1.723. From this it is calculated that the new gas vesicles formed represented 44% of the total. If all of the labelled phosphorus had been restricted to these newly formed gas vesicles the molar ratio of P to GVPa would have been 1 :230.
Efect of GVPc removal on gas vesic1eJine structure Shadowed replicas of gas vesicles were examined for structural changes following the removal of GVPc by 2.5 % SDS. The SDS-washed gas vesicles appeared to be essentially similar to those washed in water. Flattened conical end caps were clearly visible attached to many of the flattened cylindrical parts. The only difference between the two preparations was that while the majority of the untreated flattened gas vesicles were either straight and unfolded or folded over only once, a few of the SDS-treated gas vesicles had folded over several times, some of them giving the appearance that they had rolled up like scrolls before drying down.
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DISCUSSION
We suggested previously that GVPc could not be the exclusive constituent of the conical end caps of the Anabaena gas vesicle because they accounted for 14% of the total mass while GVPc represented only 8.2% (Hayes et al., 1988) . Supporting evidence for this suggestion is now provided by the observation that most of the gas vesicles remain with their gas spaces intact after removal of GVPc. It is conceivable, however, that a gas vesicle might survive as a hollow gas-filled tube after the end caps have been removed. Because the inner surface is hydrophobic and the radius of the cylinder is very small (42 nm), surface tension would prevent liquid water from entering. The pressure required to overcome surface tension and force water inside might be as high as 3.5 MPa (see Walsby, 1971) . Proof that the conical end-caps remain after removing GVPc therefore required the direct demonstration of this by electron miroscopy.
The outer surface of the intact gas vesicle was shown, by oil-water partitioning experiments, to be hydrophilic (Walsby, 1971) . The amino acid sequence of GVPc indicated that it was also hydrophilic (Hayes et al., 1988) , suggesting that this protein might be located at the outer surface. Supporting evidence for this idea is now provided by the finding that GVPc can be removed by SDS from the intact structure. We now conclude, therefore, that GVPc is situated on the outside of the hollow shell formed by molecules of GVPa, which are stacked in a crystalline array along the ribs of the structure (Blaurock & Walsby, 1976) .
The observation that the gas vesicles become much weaker after rinsing off the GVPc with SDS supports the idea that GVPc enhances the strength of the primary shell provided by GVPa. There are two ways in which it might do this. The first is that GVPc may decrease the pressure generated by surface tension. The second way GVPc might provide support is by forming ties between the periodic structure of GVPa in the ribs, thereby stiffening the structure. Electron microscopy does seem to indicate that the collapsed gas vesicles lose stiffness when GVPc is removed, although this requires confirmation. There is another piece of indirect evidence regarding stiffening. Walsby (1 982) calculated from the equations for expected buckling pressures of thin-walled cylinders that, from measurements of the dimensions and elastic modulus of the gas vesicle wall, the Anabaena gas vesicle should collapse at about 0.06 MPa, much less than observed ( -PC = 0.60 MPa). The calculated value is much closer to the value observed with the SDS washed gas vesicles (0.08 MPa).
The effectiveness of SDS, at different concentrations, in removing GVPc is correlated with its effect on weakening the gas vesicles. This suggests that the cause of the weakening is the GVPc removal, rather than other interactions between SDS and GVPa, for example. To prove that GVPc provides the stiffening in the way proposed it may be necessary to show that it can be reversed by reassembling GVPc back on the gas vesicles. The role of GVPc in altering the strength of gas vesicles may have a number of important implications.
Of particular importance is the role of the gas vesicles in regulating the buoyancy of cyanobacteria. One of the three mechanisms known to account for this (Walsby, 1987) is the collapse of gas vesicles caused by a rise in cell turgor pressure (Dinsdale & Walsby, 1972; Oliver & Walsby, 1984) . Proteolytic removal of GVPc from the surface of gas vesicles in the cell would cause gas vesicle weakening and consequent collapse under existing turgor pressures (see Walsby, 1971) .
It has been reported that the gas vesicle protein separated from gas vesicles by electrophoresis, now known to be GVPc, is lost when gas vesicles are stored for a few weeks at 5 "C (Hayes et al., 1986) . The likely explanation is that GVPc is removed by the proteolytic activity of contaminating bacteria. We have kept intact gas vesicles under these conditions for over seven years and it appears that the GVPa that remains must be peculiarly resistant to digestion. The loss of GVPc on storage almost certainly explains the drop in critical pressure of isolated gas vesicles. For these reasons we now recommend addition of protease inhibitors and bacteriocides such as azide. Caution should also be exercised in using SDS solutions to rinse gas vesicle preparation free of thylakoid contaminants during the isolation procedure. We have previously used concentrations of 0.2% (Walsby & Armstrong, 1979) or 0.125% when preparing gas vesicles from Anabaena and Microcystis and we were subsequently able to recover from them GVPc (Hayes et al., 1988) . With other cyanobacteria (Calothrix, Dactylococcopsis) even these concentrations may cause gas vesicle collapse.
To date we have direct proof of gas vesicle proteins with the GVPa sequence from six cyanobacteria and two halobacteria (Walker et al., 1984; Hayes et al., 1986) . Evidence for protein with the GVPc sequence (Hayes et al., 1988) , or for thegvpCgene has been provided so far only for three cyanobacteria. DasSarma et al. (1987) have recently described the gvpA gene sequence from Halobacterium halobium but do not record finding an associated gvpC gene.
The GVPa protein of Anabaena, Microcystis and perhaps other cyanobacteria seems refractory to solution in SDS. The possibility remains that it is in some way polymerized, not just into trimers as previously suggested (Weathers et al., 1977; Hayes et al., 1986) but into much larger aggregates. One possibility, that it is cross-linked by phosphate bridges between serine or threonine residues, is now ruled out; for this, at least one mol of phosphate per mol of GVPa would be required. We have shown that less than one GVPa molecule in two hundred can be linked by phosphate, and there is probably less than one phosphate per rib, representing merely a trace contaminant.
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